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A  reverse  transcription  loop-mediated  isothermal  ampliﬁcation  (RT-LAMP)  assay  was  developed  for
detecting  Sugarcane  mosaic  virus  (SCMV)  and  Sorghum  mosaic  virus  (SrMV)  in  sugarcane.  Six sets of four
primers  corresponding  to  the  conserved  coat  protein  gene  were  designed  and  tested  for each  virus. Three
primer  sets  designed  for  detecting  SCMV  and  four  for detecting  SrMV  were  successful  in the  RT-LAMP
assay.  The  effective  primer  sets were  not  only  speciﬁc  for  their  target  virus,  but also  able  to  detect  multi-eywords:
T-LAMP
ugarcane mosaic virus
orghum mosaic virus
T-PCR
ple  virus  strains.  The  magnesium  sulfate  concentration  of  the  reaction  solution  was  optimized,  with both
viruses  requiring  a minimum  of  5 mM  for detection.  The  sensitivity  of  this  RT-LAMP  assay  was  less  than
that  of conventional  and  real-time  RT-PCR.
Published by Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).ensitivity
. Introduction
Sugarcane mosaic virus (SCMV) and Sorghum mosaic virus (SrMV)
re pathogens that infect maize, sorghum, sugarcane, and sev-
ral other members of the Poaceae grass family worldwide. They
re members of the genus Potyvirus within the family Potyviridae
Matthews, 1982). Both contain a linear, positive-sense, single-
tranded RNA genome 10 kb long (Hollings and Brunt, 1981) with a
′ viral genome-linked protein (VPg) (Hari, 1981) and a 3′ poly (A)
ail (Hari, 1979). They are transmitted non-persistently via aphids,
ausing symptoms such as stunting, chlorosis (Pirone, 1972), and
igniﬁcant yield losses in susceptible varieties (Louie and Darrah,
980; Gordon et al., 1981; Toler, 1985).
Prior to serological analysis, different virus strains were char-
cterized based upon symptom variation in different sugarcane
nd sweet sorghum varieties. Because symptoms produced by
CMV and SrMV are identical, the viruses could not be distin-
uished using this method (Abbott and Tippet, 1966; Tippet and
bbott, 1968; Zummo  and Stokes, 1973; Zummo, 1974; Koike and
illaspie, 1976). This led researchers to attribute disease solely to
CMV strain variants. However, sequence analysis of the virus coat
∗ Corresponding author at: USDA, ARS, Sugarcane Research Unit, 5883 USDA Road,
ouma, LA 70360, United States. Tel.: +1 985 853 3160.
E-mail address: amber.keizerweerd@ars.usda.gov (A.T. Keizerweerd).
ttp://dx.doi.org/10.1016/j.jviromet.2014.10.013
166-0934/Published by Elsevier B.V. This is an open access article under the CC BY-NC-Nprotein amino terminus revealed a sufﬁcient difference between
some SCMV “strains”. Yang and Mirkov (1997) discovered that both
viruses shared 75% amino acid identity within their coat protein
region, 76% homology within the 3′ portion of the nuclear inclusion
body protein (NIb), and 60% nucleotide sequence identity within
the 3′-untranslated region. Other groups acquired similar results
(Lapierre and Signoret, 2004; Narayanasamy, 2010). Though these
homologies were high, there were enough dissimilarities within
these regions to separate the groups into two distinct species:
SCMV and SrMV.
SCMV is widespread and infects sugarcane worldwide, while
SrMV remains less prevalent in most cane-growing regions. How-
ever, research showed that SrMV has become the primary cause
of mosaic symptoms in sugarcane cultivated in Louisiana (Grisham
and Pan, 2007). Because of the symptom redundancy seen with
these two viruses, it is important to develop a technique that
can not only detect virus presence, but also discriminate between
virus types. Existing PCR techniques work well in addressing these
issues, but each has its limitations. Post-ampliﬁcation analysis via
electrophoresis and UV imaging is a time consuming element asso-
ciated with conventional PCR. This method is also known for its
lower target sensitivity and speciﬁcity compared to quantitative
real-time PCR (Mackay et al., 2002). Nevertheless, quantitative
real-time PCR requires using costly instruments that may  be unaf-
fordable for some laboratories. In order to address this dilemma,
Notomi et al. (2000) developed novel nucleic acid ampliﬁcation
D license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ssays termed loop-mediated isothermal ampliﬁcation (LAMP) and
everse transcription (RT) LAMP. These methods utilize auto cyclic
trand displacement at a single, constant temperature. In addition,
he reaction process is rapid, usually taking 60 min  or less, and
ow-cost. This is achieved by employing a strand displacing DNA
olymerase that can initiate the reaction in a thermocycler, heat
lock, or water bath, thus enhancing this assay’s simplicity. Gener-
lly, four to six primers are designed that recognize several regions
f the target sequence, which gives LAMP its high speciﬁcity. Sev-
ral groups found that LAMP is as sensitive as, or more sensitive
han, their quantitative real-time PCR assays (Parida et al., 2004,
005; Thai et al., 2004).
Only recently has LAMP been applied to the detection of sug-
rcane diseases. Liu et al. (2013) designed primers to detect the
acterium Leifsonia xyli subsp. xyli, the causative agent of ratoon
tunt. While this helps to advance sugarcane disease research, there
emains a need to effectively and rapidly detect viral pathogens of
ugarcane during ﬁeld analysis. The objective of this study was to
evelop an RT-LAMP assay to detect SCMV and SrMV in sugarcane.
. Materials and methods
.1. Total nucleic acid extraction
The youngest, fully emerged leaf was collected from both symp-
omatic and asymptomatic sugarcane plants grown in the SCMV
nd SrMV strain-control nursery at the Sugarcane Research Unit
n Houma, Louisiana. Additional samples were collected from
ther sugarcane growing areas of the state. Total nucleic acid
as extracted from 200 mg  of midrib tissue using a modiﬁed
exadecyltrimethylammonium bromide (CTAB) method (Grisham
nd Pan, 2007). Quality and concentration of RNA were tested
sing a NanoDrop ND-1000 Spectrophotometer (Thermo Fischer
cientiﬁc, Wilmington, DE, USA), followed by RT-PCR validation
f the nad5 mitochondrial gene. Nucleic acids were stored at
20 ◦C.
.2. RT-LAMP primer design
Available GenBank sequences of SCMV (ID: U57354, U57355,
57356, and U57357) and SrMV (ID: U57358.2, U57359.1, and
57360.1) strains were aligned separately using the Clustal Omega
oftware (http://www.ebi.ac.uk/Tools/msa/clustalo/) to obtain the
onsensus sequences of the capsid genes. Using this information,
ptiGene LAMP Designer software (OptiGene, Horsham, West Sus-
ex, UK) was used to design six sets of four primers (two outer:
3 and B3; and two inner: FIP and BIP) that recognize six dis-
inct regions of the viral coat protein of each virus. The sequences
f the twelve designed primer sets are given in Tables 1 and 2.
hese primers were synthesized by Integrated DNA Technologies
Coralville, IA, USA). FIP and BIP were HPLC-puriﬁed.
.3. Initial RT-LAMP reaction
Using a modiﬁed version of the RT-LAMP (Notomi et al., 2000;
ukuta et al., 2003a, 2003b) method, the initial reaction was per-
ormed in a 25 l mixture containing a ﬁnal concentration of 1.6 M
IP and BIP, 0.2 M F3 and B3, 1× ThermoPol buffer (20 mM Tris-
Cl, pH 8.8, 10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1%
ween 20), 1.4 mM dNTPs, 6 mM MgSO4, 0.8 M betaine, 5 U Murine
eukemia virus (MuLV) reverse transcriptase, 8 U Bst DNA poly-
erase (New England Biolabs, Ipswich, MA,  USA), and 1 l of RNA
xtract (1 ng total). To prevent post-ampliﬁcation aerosol contami-
ation, 10 l of SYBR Green I dye (1:100 dilution, Life Technologies,
rand Island, NY, USA) were added to tube caps before reaction ini-
iation and kept separate until assay completion. Caps were closedgical Methods 212 (2015) 23–29
carefully to avoid dye entering the reaction. Reaction mixtures were
incubated at 63 ◦C for 1 h and terminated in an 80 ◦C water bath for
2 min. Tubes were centrifuged brieﬂy to combine the dye with the
reaction mixture. Images were taken under visible light. Each assay
was done in duplicate and repeated a minimum of three times for
conﬁrmation.
2.4. Analysis of RT-LAMP products
Two methods were used to visualize the ampliﬁed products:
an in situ color change reaction and gel electrophoresis. Following
centrifugation of tubes to allow the SYBR Green I dye to enter the
mixture, positive samples became green, whereas negative samples
remained orange (Soliman and El-Matbouli, 2006). Three micro-
liters of product were electrophoresed on a 2% agarose gel stained
with SYBR Safe DNA gel stain (Life Technologies, Grand Island,
NY, USA) and visualized under UV light. Lanes containing a lad-
dered ampliﬁcation pattern were considered positive, while lanes
containing no visible bands were deemed negative (Notomi et al.,
2000).
2.5. Optimization of Mg2+ ion concentration
Using the initial reaction conditions, six concentrations of Mg2+
were tested: 4 mM,  5 mM,  6 mM,  7 mM,  8 mM,  and 9 mM.  These
values represent the ﬁnal Mg2+ concentrations in the 25 l reaction
mixture. One nanogram of the virus-negative and virus-positive
nucleic acid extracts served as the negative and positive controls,
respectively.
2.6. Conventional RT-PCR for SCMV and SrMV detection
Viruses were detected using a one-step reverse transcriptase
PCR (RT-PCR) assay performed in a GeneAmp 9700 PCR System
thermocycler (Applied Biosystems, Foster City, CA, USA). An RT-PCR
reaction mixture (18 l ﬁnal volume) consisting of 10 l 2X GoTaq
Green Master Mix, 5 U of MuLV reverse transcriptase, 2 U of RNase
inhibitor, 10 pmol each of the forward and reverse primers, and
7.6 l of sterile, RNase-free H2O was added to wells containing 2 l
of sample. Samples were screened using either the SCMV-speciﬁc
primers, SCMV F4 (5′-GTTTTYCACCAAGCTGGAACAGTC-3′) (Alegria
et al., 2003) and SCMV R3 (5′-AGCTGTGTGTCTCTCTGTATTCTC-
3′) (Yang and Mirkov, 1997); or the SrMV-speciﬁc
primers, SrF3 (5′-AAGCAACAGCACAAGCAC-3′) and SrR3 (5′-
TGACTCTCACCGACATTCC-3′) (Yang and Mirkov, 1997). Thermal
cycling conditions used for SCMV and SrMV detection consisted of
37 ◦C for 15 min, 99 ◦C for 5 min, 72 ◦C for 5 min, 95 ◦C for 1 min,
39 cycles at 94 ◦C for 1 s, 60 ◦C for 10 s, 72 ◦C for 30 s, and a ﬁnal
extension at 72 ◦C for 5 min.
2.7. Real-time RT-PCR
The one-step real-time RT-PCR was performed in a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, USA). The reaction mix  (14 l ﬁnal volume), consisting of 7 l
SsoFast EvaGreen Supermix with low ROX (Bio-Rad Laboratories,
Hercules, CA, USA), 5 U of MuLV reverse transcriptase, 2 U of RNase
inhibitor, 20 pmol each of the forward and reverse primers, and
5.4 l of sterile, RNase-free H2O, was added to wells containing
1 l of sample. The SCMV-speciﬁc primers, SCMV 371 F and SCMV
502 R (unpublished), were used under the following cycling condi-
tions: 48 ◦C for 15 min, 95 ◦C for 5 min, 95 ◦C for 10 s, 52 ◦C for 30 s,
72 ◦C for 30 s, and 45 cycles at 95 ◦C for 10 s. The SrMV-speciﬁc
primers, SrMV 366F and SrMV 469R (unpublished), were used
under the following conditions: 48 ◦C for 15 min, 95 ◦C for 5 min,
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Table  1
Primers tested for reverse transcription loop-mediated isothermal ampliﬁcation (RT-LAMP) of Sugarcane mosaic virus (SCMV).
Primer name Primer set name Sequence (5′–3′)
scF3-1 SC1 ACGCATCTCCAACATTCC
scB3-1 SC1 ATGTTGCGACTGACATCG
scFIP-1 SC1 CATACCGCGCTAAGCTATAGTCGCTCTACAGAGCGATACATGC
scBIP-1 SC1 CACCAGCTAGAGCTAAGGAAGCAGACCGAACAATCGTGTG
scF3-2 SC2 AACCGCAACAACAAGACA
scB3-2 SC2 GGAATGTTGGAGATGCGT
scFIP-2 SC2 GACAACTGTCATTTGTGTGTCATCTATTTCAACACAAGAGCAACCAGAG
scBIP-2 SC2 GAGTGGTCTAATGGTATGGTGTATTGAGTCCATCCATCATTGTCCAAC
scF3-3 SC3 AAGCCATGTCGAAGAAGATG
scB3-3 SC3 TCCATCCATCATTGTCCAAC
scFIP-3 SC3 TATTCCTTCTTTATGGCTTCATACCACCAACCGCAACAACAAGACA
scBIP-3 SC3 GAAATAGATGACACACAAATGACAGTTGTCGGTGAGCAACCATTCTCAA
scF3-4 SC4 GTGGTCTAATGGTATGGTGTATT
scB3-4 SC4 TCTAGCTGGTGTCCTTGAA
scFIP-4 SC4 CCGGAATGTTGGAGATGCGTGTTGGACAATGATGGATGGA
scBIP-4 SC4 TTCAGTGATGCAGCTGAAGCACGCTGAAGTCCATATCGTG
scF3-4 SC5 GTGGTCTAATGGTATGGTGTATT
scB3-4 SC5 TCTAGCTGGTGTCCTTGAA
scFIP-5 SC5 CCGGAATGTTGGAGATGCGTAATGATGGATGGAGATGAACAA
scBIP-4 SC5 TTCAGTGATGCAGCTGAAGCACGCTGAAGTCCATATCGTG
scF3-4 SC6 GTGGTCTAATGGTATGGTGTATT
T
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PscB3-4 SC6 
scFIP-6 SC6 
scBIP-4 SC6 
5 ◦C for 10 s, 50 ◦C for 30 s, 72 ◦C for 10 s, and 44 cycles at 95 ◦C for
0 s.
.8. Sensitivity of detection amongst RT-LAMP, conventional
T-PCR, and real-time RT-PCR assaysDetection sensitivities between RT-LAMP, conventional RT-PCR,
nd real-time RT-PCR were compared using 10-fold serial dilutions
f the virus-positive total RNA extracts. The resulting concentra-
ions were as follows: 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg,
able 2
rimers tested for reverse transcription loop-mediated isothermal ampliﬁcation (RT-LAM
Primer name Primer set name Se
srF3-1 Sr1 T
srB3-1 Sr1 G
srFIP-1 Sr1 C
srBIP-1 Sr1 G
srF3-2 Sr2 G
srB3-2 Sr2 C
srFIP-2 Sr2 G
srBIP-2 Sr2 G
srF3-3 Sr3 A
srB3-1 Sr3 G
srFIP-3 Sr3 C
srBIP-1 Sr3 G
srF3-4 Sr4 A
srB3-1 Sr4 G
srFIP-4 Sr4 C
srBIP-1 Sr4 G
srF3-5 Sr5 T
srB3-3 Sr5 C
srFIP-5 Sr5 G
srBIP-3 Sr5 T
srF3-6 Sr6 T
srB3-4 Sr6 T
srFIP-6 Sr6 C
srBIP-4 Sr6 GCTAGCTGGTGTCCTTGAA
CGGAATGTTGGAGATGCGTGACAATGATGGATGGAGATGAA
TCAGTGATGCAGCTGAAGCACGCTGAAGTCCATATCGTG
10 fg, and 1 fg. Detection limits were determined by the lowest
input RNA concentration at which a positive result was  evident.
3. Results
3.1. Testing of primer efﬁciencyTo begin the study, a modiﬁed version of the RT-LAMP protocol
(Notomi et al., 2000) was  used to test each primer set for detec-
tion of its target virus. In the SCMV assay, primer sets SC2, SC4,
and SC6 produced a green color change upon dye addition in tubes
P) of Sorghum mosaic virus (SrMV).
quence (5′–3′)
GAGTTCGATAGGTGGTATGA
TTCCGATACTCTATGTACGC
CATTAATATTAGGTGAGCATCCGTTCTATGATACGCAGATGACAGTG
ACAATGATGGATGGAGATGAGCATATCTGTCTGAATGTTGGAGATG
ATACAAGCCACAACAACAAG
ATCACTAAAGTGGTGCATTATC
TGAGCATCCGTTCTCTATGACCAGGAATATGAACTAGATGATACGC
ACAATGATGGATGGAGATGAGCATGTCTGAATGTTGGAGATGC
TTGCAGAAGGAATATGAACTAGA
TTCCGATACTCTATGTACGC
CATTAATATTAGGTGAGCATCCGTTCTGATACGCAGATGACAGTGG
ACAATGATGGATGGAGATGAGCATATCTGTCTGAATGTTGGAGATG
CAACAACAAGACATTTCAAACA
TTCCGATACTCTATGTACGC
CATTAATATTAGGTGAGCATCCGTTCTCTAGATGATACGCAGATGACAG
ACAATGATGGATGGAGATGAGCATATCTGTCTGAATGTTGGAGATG
GATGGATGGAGATGAGCA
TGCTGCTGCTTTCATCT
TTCCGATACTCTATGTACGCTTCAGGTTATTGAATATGCATCTCCAACAT
TATATGCCAAGATACGGACTTCAGCTATTTCATAGAAATCGAATGCGTATC
TGGGATACAAGCCACAAC
ATCTGTCTGAATGTTGGAGATG
GCTTGCGACCACTGTCATGAGTTCGATAGGTGGTATGA
GTCATAGAGAACGGATGCTCACAATTTCCTTTGCTCATCTCCA
26 A.T. Keizerweerd et al. / Journal of Virolo
Fig. 1. Initial testing of primers used in reverse transcription loop-mediated isother-
mal  ampliﬁcation (RT-LAMP) for detecting Sugarcane mosaic virus (SCMV) and
Sorghum mosaic virus (SrMV). (A) Detection of SCMV (a) and SrMV (b) by color
change. (B) Gel electrophoresis of RT-LAMP products for SCMV (a) and SrMV (b).
Numbers indicate primer sets 1–6 for each virus; + depicts tubes and wells contain-
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Ing  target RNA; − indicates tubes and wells used as negative controls (nucleic acid
rom uninfected sugarcane). Lane M indicates a l00 bp DNA ladder.
ontaining viral RNA (Fig. 1A, a). Similarly, only primer sets Sr1, Sr3,
r4, and Sr6 ampliﬁed target cDNA in the SrMV assay (Fig. 1A, b).
ells loaded with the products showed a ladder-like DNA ampliﬁ-
ation pattern corresponding to the location of the positive samples
Fig. 1B).
.2. Primer speciﬁcity analysis
Because high sequence similarity exists between SCMV and
rMV, each primer set yielding amplicons was tested for species-
peciﬁcity. Based on colorimetric and gel analysis, SCMV primer
ets SC2, SC4, and SC6 were determined to be speciﬁc for SCMV
hen tested against SCMV-positive and SrMV-positive extracts
Fig. 2A, a and B, a). Likewise, SrMV primer sets Sr1, Sr3, Sr4, and
r6 were speciﬁc for SrMV (Fig. 2A, b and B, b). Primer sets SC4 and
r4 were chosen arbitrarily to continue the investigation.
.3. Strain detection assayThe next phase was to verify that the RT-LAMP assay developed
n this study could detect different strains of the two  viruses. The
T-LAMP protocol for SCMV produced a positive color change and
addered banding pattern for SCMV strains A, B, and D (Fig. 3). Like-
ise, the SrMV protocol produced positive reactions for strains H,
, and M of SrMV.gical Methods 212 (2015) 23–29
3.4. Mg2+ ion optimization
Next, the effect of Mg2+ ion concentration was analyzed (Fig. 4).
Magnesium sulfate (Mg2+) was added at a ﬁnal concentration of
4 mM,  5 mM,  6 mM,  7 mM,  8 mM,  or 9 mM.  No color change was
observed in the virus-positive reaction mixtures containing 4 mM
Mg2+ (Fig. 4A). At Mg2+ concentrations ranging from 5 mM to 9 mM,
reaction mixtures containing viral RNA turned green. Upon gel
analysis, no bands were present at 4 mM Mg2+, although bands
were obvious at 5 mM Mg2+ and greater (Fig. 4B). Consequently,
5 mM Mg2+ was  selected as the optimal value to use in proceeding
experiments because it was  the lowest concentration at which a
positive sample could be detected and there was  no difference in
color or band intensity between it and the higher concentrations.
3.5. RT-LAMP sensitivity comparison
For the sensitivity comparison assays, 10-fold serial dilutions
ranging from 100 ng to 1 fg were prepared from each virus-positive
total RNA extract. When the optimized conditions were used, con-
centrations below 1 ng of input RNA were not detected via RT-LAMP
for either virus (Fig. 5A and B). However, the sensitivity limitation
of conventional RT-PCR was  100 pg for SCMV and 10 pg for SrMV on
a SYBR Safe-stained 2% agarose gel (Fig. 5C). The detection limit of
real-time RT-PCR was  10 fg for SCMV and 100 fg for SrMV (Fig. 5D),
making it the most sensitive of the three assays.
4. Discussion
Sugarcane is an economically important crop responsible for
generating a majority of the sugar produced in the world. With
multiple strains of two mosaic disease-causing viruses existing in
Louisiana sugarcane, advances in research are critical to avoid-
ing signiﬁcant crop yield loss. Though breeding and cultivating
disease-resistant varieties remain an important control method,
accurate and early disease identiﬁcation in the laboratory and the
ﬁeld is desirable. Current RT-PCR-based techniques involve labori-
ous post-ampliﬁcation analysis, high background, low speciﬁcity,
or costly equipment. RT-LAMP, on the other hand, resolves these
issues and adds the simplicity of ﬁeld use. This work presents a
simple, rapid technique that is applicable to laboratory and ﬁeld
analysis of sugarcane samples. This is the ﬁrst report of an RT-LAMP
assay for SCMV and SrMV detection in sugarcane.
Several primer sets designed for RT-LAMP were effective in
detecting SCMV and SrMV in infected plant tissue. Virus presence
was conﬁrmed using two  different techniques: one based upon the
reaction color following dye addition and the other based upon
gel analysis. Three primer sets ampliﬁed targets in the SCMV-
containing samples and four sets ampliﬁed SrMV. All primer sets
were speciﬁc for the target virus, thus adding conﬁdence that they
will be able to not only detect the two  viruses, but also discriminate
between them. The ability of these primers to detect all strains of
each virus common to Louisiana is useful especially in the Louisiana
sugarcane industry. In addition, these data suggest that SCMV and
SrMV can be detected in Louisiana sugarcane even if newer, uniden-
tiﬁed strains emerge.
Unlike the results reported by other groups (Notomi et al., 2000;
Parida et al., 2004, 2005; Thai et al., 2004; Liu et al., 2013), the RT-
LAMP assay developed in this study was not more sensitive than
conventional RT-PCR. One possibility is that the target sequence
sizes of 939 bp for SCMV and 987 bp for SrMV may  have exceeded
the optimal size for which strand displacement DNA synthesis is
effective (Notomi et al., 2000). Hence, when present at concentra-
tions lower than 1 ng, the target ampliﬁcation may  not have been
efﬁcient enough to produce the desired sensitivity. If this is the
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Fig. 2. Primer set speciﬁcity analysis. (A) Detection of SCMV (a) and SrMV (b) by color change. (B) Gel electrophoresis of RT-LAMP products for SCMV (a) and SrMV (b). SC2,
SC4,  SC6, Sr1, Sr3, Sr4, and Sr6 indicate primer set used; + depicts tubes and wells containing target RNA speciﬁc to primer set used; Sr indicates tubes and wells containing
SrMV  RNA; SC indicates tubes and wells containing SCMV RNA; − depicts tubes and wells used as negative controls (nucleic acid from uninfected sugarcane). Lane M indicates
a  l00 bp DNA ladder.
Fig. 3. Strain detection capability of chosen primer sets. (A) Detection of SCMV strains A, B, and D (a) and SrMV strains H, I, and M (b) by color change. (B) Gel electrophoresis
of  RT-LAMP products for SCMV (a) and SrMV (b). − depicts tubes and wells used as negative controls (nucleic acid from uninfected sugarcane). Lane M of well 1 indicates a
l00  bp DNA ladder.
28 A.T. Keizerweerd et al. / Journal of Virological Methods 212 (2015) 23–29
Fig. 4. Mg2+ optimization for RT-LAMP. (A) Detection of SCMV (a and b) and SrMV (c and d) by color change under 4 mM,  5 mM,  6 mM,  7 mM,  8 mM,  and 9 mM Mg2+. Rows b
and  d represent tubes used as negative controls (nucleic acid from uninfected sugarcane) for the speciﬁed Mg2+ concentration; (B) Gel electrophoresis of RT-LAMP products
for  SCMV (a) and SrMV (b). + indicates wells with target RNA; − depicts wells used as negative controls for the speciﬁed Mg2+concentration. Lane M indicates a l00 bp DNA
ladder.
Fig. 5. Detection limit comparison between different ampliﬁcation assays. (A) Detection of SCMV (a) and SrMV (b) by color change using 100 ng, 10 ng, 1 ng, 100 pg, 10 pg,
1  pg, 100 fg, 10 fg, and 1 fg of input target RNA. (B) Gel electrophoresis of RT-LAMP products for SCMV (a) and SrMV (b) at the indicated concentrations. − depicts tubes and
wells  used as negative controls; WC indicates water control. (C) Conventional RT-PCR of SCMV (a) and SrMV (b) at various concentrations. Lane M indicates a l00 bp DNA
ladder. (D) Real-time RT-PCR of SCMV (a) and SrMV (b) using 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg, and 1 fg of input RNA. No ampliﬁcation was seen for the
negative controls and water controls.
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eason, the problem may  be resolved in future RT-LAMP studies by
educing the target size to less than 300 bp.
Though not as sensitive as anticipated, the primer sets devel-
ped during this study are useful in SCMV and SrMV detection. The
implicity, rapidity, and inexpensiveness of this technique make
t a suitable choice for large-scale sample processing, especially
y laboratories with limited resources. Currently, only sugarcane
nfected with SCMV and/or SrMV at high titer can be identiﬁed using
his method. Further sensitivity optimization may  yield a protocol
hat can be utilized in detecting these viruses in seed cane before
ymptoms appear so they will not undergo propagation. Utilizing
lean seed cane in conjunction with growing resistant varieties and
onitoring new virus strain emergence are necessary measures to
revent the spread of SCMV and SrMV throughout the industry.
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